Two-dimensional echocardiography often reveals abnormal left ventricle (LV) lateral wall kinetics in patients presenting with mitral valve prolapse (MVP). However, relations between MVP and LV deformation are not clearly established. The aim of this study was to assess and quantify mitral valve chordae, leaflets, and LV myocardial interactions using speckle tracking echocardiography (STE).
Introduction
Primary mitral regurgitation (MR) due to mitral valve prolapse (MVP) is the result of chordal elongation or rupture. Current guidelines recommend surgery in the case of symptomatic patients or in asymptomatic patients with signs of ventricular remodelling, new atrial fibrillation onset, or pulmonary arterial hypertension. 1 In addition to dyspnoea, heart failure, or atrial fibrillation-related symptoms, patients often present with atypical chest pain, palpitation, or syncope independently of MR severity or signs of ventricular overload remodelling. 2 -4 Mechanisms and relations of these symptoms with MVP are not clearly elucidated. Chordal tension throughout systole, non-uniformity of muscle contraction with isovolumic stretch, and spontaneous releases of calcium could potentially affect the mechanical and electro-physiological function of the LV and predispose to ventricular arrhythmias. 5 For instance, abnormal inward wall movement during isovolumic relaxation (IVR) is associated with electrocardiographic repolarisation abnormalities such as T wave changes in inferior derivations. 6 Late gadolinium enhancement of mitral papillary muscles on cardiac MRI, suggesting advanced fibrosis due to myocardial stretch induced by the prolapsing leaflet, has been recently proved to be associated with ventricular arrhythmias and sudden death. 7 Speckle tracking echocardiography (STE) allows a precise measure of myocardial segmental systolic deformation and also characterizes early-systolic stretch and post-systolic deformation. STE has been shown to reveal subclinical abnormal deformation 8 and helps to evaluate the extent of myocardial stretch in case of severe primary MR. So, STE may offer new insights in the understanding of mitral valve and myocardial interactions throughout MVP continuum and could help to detect and characterize abnormalities linked with atypical symptoms and arrhythmias. The aim of our study was to perform a segmental analysis of the myocardial deformation pattern using STE in patients presenting with various forms of MVP when compared with healthy subjects.
Methods

Patient population
A retrospective selection of patients with MVP was performed from our echocardiographic database between 2010 and 2015. Prolapse was defined as a maximal end-systolic displacement of a mitral leaflet superior to 2 mm to the line connecting the annular hinge points. Patients with chronic atrial fibrillation, LV ejection fraction (LVEF) ,50%, and moderate or greater concomitant valve disease were excluded. All patients underwent an exercise test or a coronary angiography to exclude ischaemic heart disorder. The final population included 100 patients (58.3 + 14.7 years; 70 men). All patients underwent complete clinical assessment including comprehensive echocardiography. Patients were classified according to MR severity.
Comparison was made with a control group of 20 healthy adults matched for age and gender (58.8 + 9.2 years, 16 men) with LV function and LA size within the normal range, and normal mitral valves with no or trivial MR. This study was approved by the Regional Ethics Committee, and study subjects gave oral informed consent.
Echocardiography
All studies were performed with a 2.5 MHz transducer using Vivid 7 or Vivid 9 (GE Vingmed Ultrasound, Horten, Norway) and were analysed offline using a dedicated automated software (Echo PAC PC version 110.1.0, GE Healthcare). All images were acquired at a frame rate of .50 frames/s.
Mitral valve prolapse and regurgitation
Location and aetiology of MVP were evaluated from the parasternal short and long axes and from the three apical views. LV end-diastolic (EDD) and end-systolic diameters (ESD) and volumes were measured and indexed to BSA. LVEF was measured using Simpson's biplane method. Left atrial (LA) remodelling was quantified by LA diameter (mm), LA area (cm strain curves measured by STE with deformation pattern of a normal segment (blue curve) and an abnormal segment (red curve) with mitral valve leaflet/myocardial interaction. Abnormal segment is characterized by an early peak with stretch of the segment (PST) with a PSS and peak strain (PSI) therefore occurring beyond AVC. Normal segment presents no or mild PST and PSI with a peak systolic strain (PLS) typically occurring at end-systole.
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MR severity was defined according to current guidelines using standard parameters such as: E wave velocity, reverse pulmonary venous flow, and vena contracta. 9 Proximal isovelocity surface area method with measurement of regurgitant orifice area (ROA, mm  2 ) and volume (RVol, mL) was applied when relevant. MR was considered trivial/mild for ROA , 30 mm 2 and RVol , 40 mL, moderate for ROA between 30 and 39 mm 2 and RV between 30 and 59 mL, and severe for ROA ≥ 40 mm 2 and RVol ≥ 60 mL. Systolic pulmonary artery pressure (SPAP) was estimated from the tricuspid regurgitation maximal velocity and the size of inferior vena cava.
Deformation analysis
STE assessment of LV myocardial deformation was performed offline from the three apical views using a dedicated software (Q analysis software). Each LV wall was divided into three segments (basal, mild, and apical) in each apical view. End-systole was defined by the software with a possible manual correction, as the lowest cavity size prior to aortic valve closure (AVC) from the apical three-chamber view. LV strain curves were automatically generated for each of the 17 ACC/AHA myocardial segments. Parameters derived from these curves and for each segment were as follows: (i) peak systolic longitudinal strain (PLS) corresponding to the maximal absolute value of strain during the ejection phase (before AVC), (ii) end-systolic strain (ESS) corresponding to the value of strain at end-systolic time, (iii) early pre-stretch strain (EPS) corresponding to the maximal positive value of strain during early-systolic isovolumic contraction (IVC), and (iv) post-systolic shortening (PSS) as the maximal absolute value of strain after AVC during IVR. Pre-stretch index (PST) and post-systolic index (PSI) were automatically calculated by the software according to the following formula: PST ¼ 100×EPS/(EPS 2 ESS) and PSI ¼ 100×(PS 2 ESS)/PS). Values of PLS, PSI, and PST were obtained for all segments and further averaged to obtain global values. LV apical cap was excluded from segmental analysis (Figures 1 and 2) .
For regional analysis, basal, lateral, and septal values of PLS, PSI, and PST were calculated as the mean values of, respectively, the six basal segments, the six infero-and anterolateral segments, and the six anterior and inferoseptal segments. 
Statistical analysis
Statistical analysis was performed using SPSS for Windows (SPSS version 17, Chicago, IL). Quantitative values are expressed as mean value + SD.
Intergroup comparisons of standard echocardiographic parameters, and of global, regional, and segmental deformation parameters between (i) controls and patients with MVP; (ii) patients with anterior, posterior, and bi-leaflet MVP; and (iii) patients with MVP with or without symptoms and/or ECG abnormalities were made using Student's t-test for independent samples or a Mann and Whitney U-test when appropriate.
Analysis of variance with the post-test Bonferroni correction or a Kruskal -Wallis test with the post-test Dunn correction was performed for the comparison of patient characteristics according to MR severity and leaflet location. The inter-and intra-observer agreements were estimated using the intra-class correlation coefficient (ICC).
For all tests, P-value ,0.05 was considered to indicate statistical significance.
Results
Baseline characteristics
Baseline patient characteristics and echocardiographic data are presented in Table 1 . Symptoms were reported in 61 patients (61%): 37 (37%) presented dyspnoea, 19 (19%) palpitations, and 5 (5%) chest pain. ECG abnormalities were noted in 15 patients (15%).
Aetiology of MVP was mostly degenerative (86 patients, 86%). Thirty patients had mild, 29 moderate, and 41 severe MR. Posterior leaflet was more frequently incriminated (88%) with a bi-leaflet involvement in 19 cases (19%). Chordal rupture was found in 33 patients (33%).
Comparison according to the presence of palpitations and of ECG abnormalities
None of the standard and deformation TTE parameters were significantly different between patients with (n ¼ 15) or without ECG repolarization abnormalities. Patients with palpitations (n ¼ 19) tended to have increased PST in the lateral wall by regional analysis (10.7 + 12.3 vs. 5.2 + 5.8; P ¼ 0.08).
Comparisons between MVP patients and control group
All results are presented in Table 2 . Deformation parameters are reported in Table 3 .
There was no statistically significant difference in LVEF between both groups. LV systolic and diastolic diameters and volume were larger in MVP group (P ≤ 0.05).
There was no statistical difference in global PLS between the MVP and control groups (223.7 + 3.2 vs. 223.1 + 2.2%, P ¼ 0.41). In regional analysis, PLS was not significantly different between patients with MVP compared with control patients. PST was significantly higher in MVP group than in control group in the lateral wall (4.2 + 4.4 vs. 1.7 + 1.9, P ¼ 0.002) and in the basal segments (5.9 + 6.4 vs. 2.4 + 2.4, P ¼ 0.001) (Figure 3) . There was no significant difference for regional PSI between the two groups. 
Comparison according to prolapsed leaflet
There was no significant difference in standard echo parameters and for global PLS deformation values according to MVP location. In regional analysis, only septal PST values tended to be higher in patients with bi-leaflet prolapse.
In segmental analysis, PST and PSI values were higher both in anterior and posterior mitral valve leaflet (MVL) prolapse. Abnormal PST was registered in the lateral segments of the mid-wall (Segments 11 and 12) for posterior (PMVL) MVL prolapse and mid-anterolateral and apical anterior segments (Segments 11 -13) for the anterior one. On the same manner, abnormal PST was registered for anterior basal (Segments 1 and 2) in both anterio MVL (AMVL) and PMVL prolapses. For PSI segmental values, there was no difference between anterior and posterior MVL prolapses. Abnormal PSI was mainly observed in the basal inferior and inferolateral segments (Segments 4 and 5), and in the midseptal segments (Segments 8 and 9) (Supplementary data online, Table S1 ).
Reproducibility
Intra-and inter-observer PLS and the temporal deformation parameters (PSI and PST) were considered with good interclass correlation (ICC . 0.80) and narrow limits of agreement with standard deviation ,4.6% (Supplementary data online, Table S2 ).
Discussion
The main findings of this study may be summarized as follows: (i) in patients with MVP, STE allows an accurate analysis of subtle abnormalities of LV myocardial deformation; (ii) when compared with normal patients, changes of deformation pattern in MVP patients are present during early-systolic and post-systolic phases with little or no changes in peak systolic deformation; (iii) there are no statistically significant changes in deformation pattern according to the MR severity except for SR; and (iv) segmental analysis according to MVP location demonstrates specific deformation patterns with abnormal post-systolic contraction in septal STE, speckle tracking echocardiography; PLS, peak longitudinal strain; PST, pre-stretch; PSI, post-systolic index; SR, strain rate; MR, mitral regurgitation.
and infero basal segments and early stretch in lateral wall and anterior basal segments.
Changes in longitudinal strain magnitude in MVP
Mitral valve regurgitation is responsible for structural changes in LV and 2DSTE revealed the presence of significant subclinical LV longitudinal dysfunction since the early stages of MR. 10 This analysis of systolic deformation is of clinical interest as a reduction in the absolute value of PLS has been shown to be associated with postoperative LV dysfunction. 11, 12 A recent study analysed the deformation profile in asymptomatic MVP patients and revealed a decrease in the longitudinal and circumferential PLS and SR absolute values in septal segments. The authors suggested that these changes may be the first markers of LV remodelling. 13 In our population, septal and global PLS in patients with MVP did not differ from control subjects. These results may be explained by different populations in terms of MR severity and symptoms. Moreover, we observed an increase in the absolute value of SRs, which is known to be a better marker of contractility than PLS. 14 Our findings suggest that longitudinal function parameters remain unchanged or even tend to increase in the early stages of MVP due to a balanced equilibrium of increased stroke volume and LV remodelling. These parameters will secondarily impair when compensatory mechanisms are exceeded as the disease progresses.
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Temporal pattern of deformation curves in MVP MV leaflet coaptation depends on the balance of systolic tethering and closing forces on the valves as well as on the amount of leaflet tissue available to cover the mitral annulus. 16, 17 Tethering forces are transmitted from the LV wall and the corresponding papillary muscle to the chordae apparatus to prevent the leaflets from prolapsing into the left atrium. Closing forces depend mostly on the pressure generated by the LV. 18 During IVC, LV pressure increases and the magnitude of deformation is directly related to mitral chordae tension. 19 Papillary muscles contraction prevents prolapse and maintains a nearly constant distance between these two structures. 20 At the time of early mitral systolic coaptation, there is an increase in tensile force transmitted to the chordae in case of MVP that is compensated by an abrupt apical displacement and contraction of the papillary muscles and adjacent LV segments. The compensatory lengthening of myocardial fibres could be responsible for an increased dyssynchrony in myocardial fibres contraction and explain an abnormal wall motion during early systole with an increased PST values (pathological stretch) located in the mid-lateral wall. PST was found to be more important in mild and moderate MR and to decrease in severe MR. This may be explained by a higher prevalence of flail leaflet in severe MR with a lower chordal tension transmitted to the myocardium. The regional pre-stretch plays a critical role in Figure 3 Representative example of the measurement of STE-derived deformation parameters in a patient with posterior MVP and a patient with bi-leaflet prolapse (anterior and posterior). Bull's eye view of PLS, PST, and PSI.
2D Strain pattern of patients with mitral valve prolapse mechanics and work distribution and may influence activation of the myofilaments with localized hypercontractility. This work overload may explain previously described myocardial injury leading eventually to fibrotic tissue repair. 21 During the following periods of the cardiac cycle, there is a linear fall in tension beginning prior to AVC that persists during IVR. 22 The traction of the prolapsing MV, associated with the annular motion, could be the basis for delayed contraction and post-systolic deformation. It could explain why we observed greater value of PSI in patient with MVP compared with controls and may be related to the relative dyskinetic motion of LV primarily characterized by ventriculography: the vigorous early contraction of the posteromedial portion of the LV coupled with anterior wall bulge of the LV at end-systole was described as the 'Ballerina foot pattern'. 23 In both anterior and posterior locations, there are abnormal temporal deformation patterns in the basal segments with elevated PST and PSI in anterior and inferior basal segments, respectively. In both locations, we also found early systole deformation changes with high PST values at the level of the myocardial segments adjacent to the anterolateral papillary muscle. Different patterns of strain curve, according to the prolapse location, corroborate the theory of differential function of the first-and second-order chordae. 24 The second-order chordae are involved predominantly in valvular-ventricular interaction, whereas first-order AMVL chordae prevent leaflet prolapse. 24 Among the second-order chordae of the AMVL, there are large and thick chordae arising from the tip of each papillary muscle that are thought to be the strongest. 25 Abnormal PST observed in lateral territories was found in both anterior and posterior MVPs. Anatomically, this illustrates the relationship between the scallop, the anterolateral papillary muscle and the adjacent mid-lateral LV myocardium.
Potential clinical implication
Myocardial traction induced by MVP through chordae and papillary muscles is suspected to be responsible for atypical symptoms and to induce ventricular asynchrony and arrhythmia but was rarely demonstrated. Myocardial strain curves can be easily extracted from the usual STE analysis and make it an attractive complement in clinical practice.
The most common clinical presentation of patients with MV billowing or true prolapse is atypical chest pain with T wave abnormalities or palpitations. Furthermore, syncope, cardiac arrhythmias, and sudden death are more frequent in patient with a MVP. 3, 7 Elongated chords and redundant leaflets interact with the endocardium region where they are attached, and this tension potentially affects the mechanical and electro physiologic function of the LV. 16 Heterogeneity of deformation shown by the existence of PST and PSI may probably reflect this complex interaction between MV leaflets/chords and the surrounding myocardium and contribute to the explanation of ECG abnormalities and arrhythmias. 26 The risk of sudden cardiac death in MVP, yet rare, remains unpredictable. The phenotype is usually characterized by bi-leaflet MVP, female sex, and frequent complex ventricular ectopic activity, including premature ventricular contractions of the outflow tract alternating with papillary muscle or fascicular origin. 27 Actually, there are no specific guidelines regarding the timing and modalities of MVP patients follow-up especially for those with mild MR. As we did not perform systematic 24-h ECG Holter monitoring, we cannot prove a link between pathologic deformation and ventricular arrhythmia. However, one could imagine that the area where PST is registered could represent a zone of potential vulnerability to re-entrant ventricular arrhythmias. We hypothesize that the detection of myocardial deformation abnormalities may add to the individual risk assessment and stratification with a more evidence-based follow-up strategy.
Conclusion
Our findings suggest that the mechanical interaction between MVP and LV wall through chordae and papillary muscles can potentially change temporal segmental myocardial deformation patterns. The various deformation patterns according to MVP location could be explained by changes in MV leaflets shape and size; chordal insertion geometry; and relations between chordal insertion, papillary muscle, and LV wall. Further studies are needed to demonstrate the direct link between myocardial stretch induced by prolapsing leaflet, deformation abnormalities, fibrosis, and susceptibility for ventricular arrhythmia.
